Structural, electrical, and optical properties of transparent conductive oxide ZnO:Al films prepared by dc magnetron reactive sputtering
Electrical transport and Al doping efficiency in nanoscale ZnO films prepared by atomic layer deposition I. INTRODUCTION ZnO is a transparent semiconductor with a wide and direct band gap of 3.4 eV. For this reason, ZnO-based thin films are widely studied (a) as semiconducting layers in thinfilm transistors, 1 (b) as active layers in gas sensors, [2] [3] [4] [5] [6] and (c) as alternatives to indium tin oxide, which is currently used as a transparent conducting oxide (TCO) 7-10 in solar cells. 11 For the latter application, ZnO thin films doped with B, 12 Al, [13] [14] [15] Ga, 16 etc., have been actively investigated, due to their high conductivity, optical transparency, high thermal stability, and last but not least the high material abundance. Thin ZnO films (<100 nm) with relatively low resistivity ($1 mX cm) are generally desired for the aforementioned applications. For example, when used as a semiconducting layer in gas sensors, the sensitivity of ZnO maximizes 17 when the ZnO thickness is of the same scale of the Debyelength, which is in the order of 10 nm. 18 Several deposition techniques have been reported for ZnO films, such as magnetron sputtering, 19 pulsed laser deposition, 20 chemical vapor deposition, 21 and atomic layer deposition (ALD). [22] [23] [24] [25] Among these, ALD is considered to be a promising technique to deposit nanoscale ZnO films, because it is a self-limiting thin-film growth technique that guarantees excellent film conformality, uniformity, precise thickness control, sharp interfaces, as well as possibilities for creating reproducible and well-defined nanolaminate structures. 26 The doping concentration of doped ZnO can be precisely tuned by careful control of the ALD cycle ratio between the Zn and the dopant precursors. Therefore, the thickness, conductivity, and carrier density of the films can be controlled to meet stringent specifications. 27 In the literature, Al-doped ZnO (AZO) films prepared by ALD have been investigated for their morphological, electrical, and structural properties as a function of Al concentration. 1, 13, [27] [28] [29] The chemical environment as well as the atomic charge of elements as a function of doping concentration still need to be studied in more detail, because the chemical bonding states of the elements (e.g., Al as an effective Al Zn þ dopant in the ZnO lattice or Al within ineffective AlO x clusters) determine the amount of free charge carriers in AZO thin films. The electrical properties regarding the charge transport, such as the Fermi level, charge carrier mobility within grains and at grain boundaries, are not fully understood either, while such parameters determine the performance of the AZO films as a semiconductor or transparent conductive oxide. Moreover, in order to understand how Al doping affects the crystallinity of ZnO films, the role of Al with respect to the structural and electrical properties of AZO films needs to be elucidated. The doping efficiency of Al should be calculated quantitatively for further characterization and comparison. All these parameters are important for a fundamental understanding of the doping mechanism, and consequently, the optoelectronic film properties of AZO as well.
Therefore, in this work, AZO films with various Al doping levels were prepared by ALD and characterized extensively. First, the thickness and deposition temperature were varied to find optimum values for the resistivity. Second, in order to figure out how the atomic distribution and crystallinity of AZO films affect their electrical properties, depth profiling X-ray photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM) were used. Third, in order to obtain insight into the optical and electrical properties, spectroscopic ellipsometry (SE) and Fourier transform infrared spectroscopy (FTIR) were applied to derive the carrier density, intra-grain mobility, grain boundary mobility, and optical band gap. Next, the concept of Al doping efficiency was used to characterize the doping effect quantitatively. Finally, the shifts of the Fermi level were calculated and related to both the shifts of the binding energy and the optical band gap. 
II. EXPERIMENTAL

A. Film preparation
B. Electrical and structural analysis
The resistivity of the films was measured ex-situ at room temperature using a Signatone four-point probe (FPP), in combination with a Keithley 2400 Source Measurement Unit. Hall measurements were carried on a BioRad instrument. The XPS set-up used in this work was a Thermo Scientific K-Alpha KA1066 spectrometer using monochromatic Al Ka X-ray radiation (h ¼ 1486.6 eV). Photoelectrons were collected at a take-off angle of 60 , as measured from the surface normal. A 400-lm diameter X-ray spot was used in the analyses. A flood gun was used to correct for possible sample charging. Furthermore, all samples were corrected for sample charging using the Si 2p orbital from the Si substrate as an internal reference with a binding energy of 99.3 eV. 30 For XPS depth-profiling, an Ar-gun with a voltage of 1000 eV and high current (17.9 lA) was applied to sputter the i-ZnO and AZO films. The sputtering rate in this setting was $0.13 nm/s. Cross-sectional TEM studies on FIB lift-out samples were performed in bright field and in high-angle annular dark-field (HAADF) modes using a FEI Tecnai F30ST transmission electron microscope (TEM).
C. Optical analysis
The SE measurements were performed using a J.A.Woollam Co. Inc. M-2000D spectrometer with an XLS-100 light source (1.2-6.5 eV of photon energy). 31 A Psemi-M0 model 32 was applied in the data analysis to extract information on the material properties, such as the thickness, and on the optical parameters, in particular on the dielectric constants e 1 and e 2 . Furthermore, the reflectance was measured by using a Bruker Tensor 27 reflectance-FTIR instrument in the photon energy range of 0.12-0.86 eV. A Drude oscillator model 33, 34 was used afterwards to extract the optical mobility and carrier density from the combined data obtained from reflectance-FTIR and the SE. Details of the modeling will be described in a separate publication. 35 
III. RESULTS AND DISCUSSION
A. Intrinsic ZnO
For i-ZnO films, the effects of film thickness and growth temperature on their resistivity were studied, as shown in Fig. 1 . Figure 1 (a) shows the resistivity of i-ZnO films as a function of thickness. In order to avoid possible issues with the aging effect of ZnO films, the resistivity and the thickness were measured directly after the deposition (within 30 min) by FPP and SE, respectively. Based on the curve in Fig. 1(a) , a critical thickness (D 0 ) and the corresponding resistivity (q 0 ) can be defined as D 0 ¼ 40 nm and q 0 ¼ 11.0 mX cm, respectively. For films with thicknesses above D 0 , the resistivity does not improve significantly, while below D 0 , the resistivity increases significantly as the thickness decreased. According to Kasap's model on polycrystalline thin films, 36 the scattering of electrons at the surface, interface, and grain boundaries during the electrical transport may lead to such a phenomenon. The mean free path of electrons is limited when the thickness of the film is below its critical value D 0 . Meanwhile, a lower degree of crystallinity and smaller grain size in the initial layer might also limit the electrical properties. Therefore, a thickness of $40 nm was chosen as a standard for further investigation of AZO film growth. As mentioned in the Introduction, ZnO films with thickness well below 100 nm and with a relatively low resistivity are desired to meet the requirements of various applications.
The effect of the growth temperature on the resistivity of i-ZnO is shown in Fig. 1(b) . The optimum growth temperature with respect to minimum resistivity was between 200 C and 250 C. Similar results have been described in other reports where the lower resistivity at the temperature between 200 C and 250 C was ascribed to a higher carrier density [37] [38] [39] [40] of i-ZnO films, compared to other growth temperatures. Furthermore, the same i-ZnO films were deposited on glass substrate for comparison. The result showed that the resistivity of the films on glass substrates was slightly higher than that of films grown on thermal oxide 450 nm SiO 2 /p-Si substrate. Based on the aforementioned results, a thickness of 40 nm, growth temperature of 250 C, and substrates of thermal oxide 450 nm SiO 2 /p-Si were chosen for our study on AZO films.
B. Al-doped ZnO
A series of AZO films was prepared with different aluminum concentrations. The aluminum concentration was denoted as "aluminum fraction" (AF), and defined as the atomic ratio Al/(Al þ Zn) that is the fraction of Zn atoms replaced with Al. In order to prepare a particular AZO film with a certain AF, one TMA cycle was inserted after a certain number m of DEZ cycles. Thus, one "supercycle" of AZO film was defined as m cycles of DEZ plus one subsequent TMA cycle, and m is called "cycle ratio." The total number of supercycles M and the cycle ratio m were chosen to target a nominal thickness of around 40 nm for each sample on the basis of the growth per cycle (GPC) for pure ZnO and Al 2 O 3
Typical GPC values of pure ZnO films at 250 C were 0.16 nm/cycle. The GPC of a single Al 2 O 3 cycle on a ZnO matrix is 0.15 nm/cycle, as determined using in-situ SE. The nominal Al fraction AF Nom was calculated based on the GPCs by
Depth-profiling XPS was used to measure the atomic percentage of Al, Zn, C, and O throughout the films (indicated by Al at. %, Zn at. %, etc.), and, consequently, the actual Al fraction AF XPS was calculated by
The interspacing l between adjacent AlO x layers was determined by l ¼ D/M, where D is the total thickness of the AZO films.
In total, 11 AZO samples were prepared with varying AF values. The parameters are listed in Table I . The nominal AF (AF Nom ) was found to deviate from the AF XPS , especially at high AF Nom values, as presented in Fig. 2(a) . The nucleation delay of ZnO on an AlO x matrix 41 has been reported to be the reason for such a deviation: the actual GPC ZnO after one Al 2 O 3 cycle was smaller than that on bulk ZnO matrix. Therefore, in our further analysis and discussion, the doping level of aluminum is described in terms of AF XPS , instead of AF Nom .
The atomic percentages of Zn, Al, and O with different AF XPS are presented in Fig. 2(b) . First, no carbon was detected throughout the films. Carbon was only present as surface contamination. Second, the atomic percentage of O increased at higher AF XPS . In the ideal case, if all of the aluminum atoms would be incorporated as dopants substituting the Zn atoms in the form of Al Zn þ , the aluminum doping would not lead to additional oxygen atoms in the AZO films. Thus, the increase of oxygen content suggests the existence of an Al 2 O 3 -like phase in the AZO films, since the O atomic percentage is larger in Al 2 O 3 than in a pure ZnO. Figure 3 (a) shows the distribution of Al, Zn, O, and Si elements of an AZO film along the growth direction as obtained by depth-profiling XPS. The sample corresponding to Fig. 3 (a) was deposited with the same recipe as sample 03 in Table I 2). The actual aluminum fraction was calculated from Eq. (3) using the atomic percentage obtained from depth-profiling XPS, and is denoted as AF XPS . Thicknesses were determined from SE data, which were analyzed using the Psemi-M0 model. 32 The error in the thickness values is typically <1 nm. at. % at the interface between the AZO film and the Si substrate. In the XPS depth profile, Al signals appear at certain depths, consistent with the schematic representation of the sample in the graph. Such a periodic variation in atomic percentage suggests the presence of a nanolaminate structure, resulting from the ALD deposition scheme. 42, 43 The nanolaminate structure was confirmed by TEM imaging as well, as shown in Fig. 4(a) . Figure 4(a) shows a HAADF STEM image of sample 03. The contrast in the imaging mode is caused by the mass difference between the elements. Within the bulk of the film, the image reveals two AlO x layers with a lower atomic number, i.e., layers with a higher Al content. The high resolution TEM image of Fig. 4(b) gives more information about the morphology of the AZO films. AZO grains appear separated into three regions and two AlO x layers are located at the interfaces between these regions. The image shows clearly that Al 2 O 3 ALD cycles have interrupted the growth of the ZnO grains and that new ZnO grains nucleated after the individual Al 2 O 3 ALD cycles. The latter is also in agreement with X-ray diffraction patterns of the AZO films, which revealed that the crystallinity of the films decreases at higher AF, as reported in the literature. 13, 41 The nanolaminate structure was observed in the AZO films with low AF XPS (samples 01-06), while for the AZO films with higher AF XPS (samples 07-11), the atomic distribution of Al, Zn, and O could no longer be resolved with XPS. The resolution of XPS in the growth direction is limited to l r % 5-10 nm, so when the interspacing between adjacent AlO x layers l is less than l r (l < l r ), the discrete nanolaminate structure can no longer be resolved by XPS. Table I ).
The O peak in Fig. 3(b 25, [44] [45] [46] [47] [48] and is denoted by O I in Fig. 3(a) . This O signal intensity shows the same variation as the Zn signal intensity, which confirms the chemical bonding state of O 2À co-ordinated with Zn 2þ . The second O component at the binding energy of 532.1 eV denoted by O II in Fig. 3(a) can be assigned mainly to hydroxyl groups (ÀOH), 25, [44] [45] [46] [47] [48] which spread throughout the AZO film. However, in Fig. 3(a The binding energy of Zn 2p 3/2 in AZO films with various AF XPS throughout the films was measured by depthprofiling XPS and is presented in Fig. 5 . The binding energy at the surface (depth ¼ 0 nm) deviated due to the surface contamination. The higher binding energy at the interface (depth ¼ 35-40 nm) can be ascribed the different chemical bonding state of Zn on the SiO 2 matrix. Excluding these two effects, the binding energies generally shifted to higher values with higher AF XPS . This shift was observed consistently for both the bulk of the AZO films (0 nm < depth < 40 nm) and for the surfaces (depth ¼ 0 nm). Therefore, a possible sputtering effect during sample examination cannot be the reason for such a shift. Since the binding energies are referenced to the Fermi level (E F ), 30, 49, 50 the increase can be attributed to an increase in E F . 51, 52 That is, the Al doping contributes free electrons to the AZO films, leading to a higher E F . Furthermore, for the samples with low AF XPS , the binding energy of Zn 2p 3/2 oscillates throughout the films, with an amplitude of around 0.1 eV. Again, taking sample 03 as an example (AF XPS ¼ 1.9%), it is clear that the binding energy reaches its local maximum where the AlO x layers are located. A possible mechanism that can be proposed to explain the oscillation is the following. The Al Zn þ in the ZnO lattice can serve as an effective positive charge and create a local static electric field. 42 The electric field can affect the surrounding atoms. Core electrons from adjacent Zn atoms may shift towards the Al Zn þ centre by the electrostatic force, leading a higher atomic charge of the Zn. It was found that a higher atomic charge can cause a higher binding energy in the measurement of XPS. [53] [54] [55] Therefore, the local maxima can be ascribed to the delocalization of core electrons of Zn towards Al Zn þ . For samples with high AF XPS , such oscillations can no longer be observed since the interspacing between the adjacent AlO x layers is within the depth resolution of XPS. In summary, the increase of the free electron density can cause a shift in the binding energy globally which manifests as an increase in E F . Meanwhile, according to the mechanism proposed by us, the delocalization of Zn core electrons by Al Zn þ centres leads to a local increase of the binding energy.
The carrier density and optical mobility are presented in Fig. 6(a) . The carrier densities from Hall measurements and the optical modeling (using SE and FTIR data) are consistent with each other, which confirms the accuracy of our modeling and validates the value of the electron effective mass (m* ¼ 0.4 m e ) that we used here. The average distance an electron travels while interacting with a photon is much shorter than the average grain size. Hence, it can be assumed that for optical measurements, the grain boundary scattering can be neglected. Therefore, the mobility derived from modeling SE and FTIR measurements l opt can be assumed to be equal to the intra-grain mobility as l opt % l intra-grain . 56 The intra-grain mobility is considered to be determined by ionized and neutral impurity scattering, etc. 57 The intra-grain resistivity can be defined as
where e, n, and l opt are the elementary charge, carrier density, and optical mobility, respectively. Both the optically determined intra-grain resistivity and the electrically determined effective resistivity (measured by FPP) are plotted in Fig. 6(b) . The difference between both curves was ascribed to scattering at grain boundaries. In the FPP series of the effective resistivity, the resistivity was improved from 9.8 mX cm for intrinsic ZnO to an optimum of 2.2 mX cm at AF XPS ¼ 6.9%. The optically determined intra-grain resistivity also shows an optimum value at the same value of AF XPS . Thus, the AZO series can be classified into two regions: region I with samples 01-06, and region II with samples 08-11, and with sample 07 just on the borderline, as denoted in Figs. 6(a) and 6(b). In Fig. 6(a) , the carrier density increases significantly with the addition of Al doping in region I, since Al species in the form of Al Zn þ in the ZnO lattice release electrons and contribute a number of free electron carriers to the AZO films. However, in region II, the increase of the carrier density shows a soft saturation. This behavior can be explained by Lee's model. 42 as shown in Fig. 7 . Since Al-doping mainly occurs at the interface of the ZnO and AlO x layers, Al Zn þ creates an effective electric field at the position of the AlO x layers. At high values of AF XPS , more AlO x layers are deposited within the 40 nm AZO films such that the interspacing of adjacent AlO x layers becomes smaller. When the interspacing is larger than a critical value (l > l c ), as shown in Fig. 7(a) , the effective electric fields from adjacent AlO x layers do not overlap each other, and Al doping is relatively efficient. Therefore, the carrier density shows a significant increase with higher Al doping at region I. When l < l c , as shown in Fig. 7(c) , the effective electric fields overlap each other. According to Lee's model, this overlap can inhibit further Al-doping by the repulsion between adjacent electrons or charged donors. 42 Therefore, in region II, the addition of Al atoms no longer contributes to the carrier density effectively. On the basis of the different trends of carrier density between regions I and II, the critical interspacing can be defined as the value of sample 07 (l c ¼ 3.8 nm), as shown in Fig. 7(b) . Moreover, the optical mobility decreases gradually with additional doping in the entire Al-doping range, as shown in Fig. 6(a) . As discussed before, effective Al Zn þ dopants act as ionized impurities, while the rest of the Al atoms in ZnO lattice form neutral impurities. 58 Both types of Al species are point defects and will lead to the scattering of free carriers during the electrical transport within ZnO grains. 57 Next, in order to study the role of the Al species at the grain boundaries, the effective mobility and the grain boundary mobility can be calculated from Matthiessen's rule by
where q eff is the effective resistivity measured by FPP, e is the elementary charge, n is the carrier density derived from optical analysis, and l eff , l intra-grain , and l GB are the effective, intra-grain mobility and grain boundary mobility, respectively. As plotted in Fig. 8(a) , with increasing AF XPS , l GB increases slightly in region I while decreasing strongly in region II. Such a phenomenon can be explained according to the band diagram at grain boundaries, as presented in Fig. 8(b) . 57 In AZO films, defects at grain boundaries are charged by electrons, leading to trapping states and barriers at grain boundaries. The electron transport through grain boundaries can then be described by the classical thermionic emission and quantum-mechanical tunneling. 57 In region I, the increased carrier density will lead to a shift of the Fermi level to a higher energy level. Therefore, the effective barrier height and width become smaller, and consequently, the grain boundary mobility will increase at higher AF XPS . In region II, the interspacing between the adjacent AlO x layers becomes smaller than the critical value (l < l c ), and the scattering at the interface of the ZnO layers and AlO x layers becomes dominant. Such a scattering limits the mean free path of free electrons during the electrical transport. Meanwhile, as discussed before, AlO x interrupts the nucleation and growth of ZnO grains during deposition. At high AF XPS , the closely spaced AlO x layers result in smaller ZnO grain sizes, and more grain boundaries between ZnO gains. As a result, the grain boundary mobility decreases significantly at higher AF XPS in region II.
The Al doping efficiency g of Al is the fraction of Al atoms, which contribute to the carrier density by the following mechanism:
Al Zn ! Al þ Zn þ e À :
The doping efficiency can be calculated by the following equation:
g ¼ n À n 0 N Zn Â AF XPS Â 100%: (7) In Eq. (7), n and n 0 are the carrier density of AZO and intrinsic ZnO, respectively. AF XPS is the aluminum fraction as measured by XPS, and N Zn is the atomic density of Zn. Therefore, the product of N Zn and AF XPS yields the atomic density of Al. By Rutherford backscattering spectrometry (RBS), N Zn for intrinsic ZnO was measured to be 4.0 Â 10 22 cm À3 . The physical meaning of the doping efficiency is the percentage of Al atoms, which effectively donate free electrons to the AZO films. The calculated result is plotted in Fig. 9 . As can be seen, g is less than 10% for the entire AZO series. As estimated by RBS, the average distance between adjacent Al atoms within the same AlO x layer was around 0.5-1 nm. As illustrated in Fig. 7(a) , the overlapping of the effective electric field in the same AlO x layer inhibits the release of free electrons. Therefore, the number of effective Al donors was limited (g < 10%). Moreover, in region I, g was relatively constant, varying from 7% to 10%, implying that the effective electric field from AlO x layers in the growth direction does not inhibit the release of free electrons from Al Zn þ when the interspacing l is large enough. In region II, as explained before, g decreases monotonically with increasing AF XPS due to the overlapping effective electric field from the AlO x layers.
As is common for AZO thin films, the optical band gaps of the films were derived from the so-called Tauc plots, as depicted in Fig. 10 (a), which shows (e 2 E 2 ) 2 as a function of photon energy for the AZO film series. e 2 is the imaginary part of the dielectric function e 2 (x), which was extracted from the SE data in the range of 1.2À6.5 eV. E is the photon energy. Since ZnO has a direct band-gap, the optical band gap or Tauc gap (E g ) is defined as the photon energy, where the extrapolation of the linear part of (e 2 E 2 ) 2 vs. E intersects the horizontal axis. 59 The resulting E g values for each AF XPS are listed in the legend of Fig. 10(a) . Note that the value of e 2 can also be affected by exciton absorption in ZnO, 60 which might slightly affect the resulting E g values.
The increase of E g for higher AF XPS values as observed in Fig. 10(a) is mainly due to the shift of the Fermi level, according to the Burstein-Moss effect. 61 For a more detailed comparison, the shift of the Fermi level was evaluated on the basis of the carrier density. Given that i-ZnO and AZO are degenerate semiconductors, the following equations apply:
where n is the electron density, and D C (E) and f(E,T) stand for the density of states in the conduction band and the Fermi distribution function at an energy E, respectively. T is the temperature (300 K in the present case), E c is the energy level of the conduction band tail, m* is the effective electron mass, which is assumed to be 0.40 m e , and h and k B are the Dirac constant and Boltzmann constant, respectively. From Eqs. (8) to (10) , the relationship between the carrier density and the height of the Fermi level can be obtained. Hence, the position of the Fermi level related to the conduction band tail (E F -E c ) can be calculated as a function of the carrier density. The resulting plot is presented in Fig. 10(b) . The optical band gap (E g ), and the Fermi level (E F -E C ), and the binding energy of Zn 2p 3/2 (averaged over the film thickness, see in Fig. 5 ) are compared in Fig. 10(b) . All three curves show a monotonic increase with increasing AF XPS . As explained before, the shifts of E g and the binding energy were both attributed to the increase of the Fermi level. Consequently, in principle, all of these three parameters should shift with the same trend and within the same order of magnitude with the carrier density. As presented in Fig. 10(b) , the difference between i-ZnO and the highest doped ZnO (AF XPS ¼ 13.6%) was 0.48 eV for E g , 0.33 eV for E F , and 0.44 eV for the binding energy. This supports therefore the explanation that the shift of E F with carrier density is the main reason for the increase of E g and the binding energy. However, the shift of E g (DE g ¼ 0.48 eV) is larger than that of E F (DE F ¼ 0.33 eV). The difference can be qualitatively explained by the existence of the AlO x layers within the ZnO. Since amorphous Al 2 O 3 films have a larger E g (E g ¼ 6-7 eV (Ref. 62)) than ZnO, the AlO x layers in the AZO films might cause an additional increase of the E g of the entire film. The binding energy also has a larger shift (DBE ¼ 0.44 eV) than E F . As discussed before, the delocalization of the core electrons from Zn may contribute a higher binding energy of Zn 2p 3/2 , in the order of 0.1 eV.
IV. CONCLUSION
In this work, we have studied the structural, electrical, and optical properties of AZO films with various doping levels as deposited by ALD. The resistivity of the films improved from 9.6 mX cm for intrinsic ZnO to an optimum of 2.4 mX cm for Al-doped ZnO with an Al fraction of 6.9%. By depth-profiling XPS, a nanolaminate structure of AlO x / ZnO layers could be resolved for Al doping levels up to 5.9%. A nanolaminate structure was also observed by crosssectional TEM. The AlO x layers cause interface scattering during the electrical transport in ZnO layers. This effect is the main reason for the reduced mobility at grain boundaries at high doping level. At high doping levels, the carrier density also shows a soft saturation. We postulate that the effective electric field generated by Al Zn þ centres limits the doping efficiency when the interspacing of the adjacent AlO x layers becomes smaller at higher doping levels. A blue shift of the optical band-gap (DE g ¼ 0.48 eV) was observed, and shown to be consistent with the shifts of both the Fermi level and the binding energy of Zn 2p 3/2 photoelectrons.
